A 2330 nucleotide sequence spanning tlae 1B (NS2), IC (NS1) and N genes and intergenic regions of human respiratory syncytial virus strain 18537, representing antigenic subgroup B, was determined by sequencing cloned cDNAs of intracellular mRNAs. Comparison with the previously reported sequences for strain A2 of subgroup A showed that 1B, 1C and N were highly conserved at the nucleotide level (78, 78 and 86~ identity, respectively) and at the amino acid level (92, 87 and 96~o identity, respectively). The gene-start signals were exactly conserved between subgroups, and the gene-end signals contained only a single nucleotide substitution each in 1B and N. In most cases intergenic and non-coding gene sequences that were not part of presumed transcriptive signals were much less well conserved (generally 50 to 71~) than sequences that were part of translational open reading frames (82 to 86~). The nucleotide and deduced amino acid sequences of the N gene and protein of the Long strain of subgroup A were determined by sequencing cDNA clones of intracellular mRNA; the nucleotide sequence (representing all but the first 10 nucleotides of the gene) contained 15 differences from that of the A2 strain, but the deduced amino acid sequences were identical.
reactions with monoclonal and polyclonal antibodies (Coates et al., 1966; Anderson et al., 1985; Mufson et al., 1985 Mufson et al., , 1987 Gimenez et al., 1986; Hendry et al., 1986; Akerlind & Norrby, 1986; Johnson et al., 1987a; Morgan et al., 1987; Orvell et al., 1987) . Information on the extent of naturally occurring antigenic and structural diversity among RSV strains is important for guiding vaccine development and might also provide additional insight into the structure, function and evolution of RSV vRNA and its gene products. For example, the cross-subgroup relatedness of the F and G proteins has been investigated by monoclonal antibody reactivity Akerlind & Norrby, 1986; Mufson et al., 1985; Orvell et al., 1987) , by analysis of convalescent human and animal sera by neutralization in vitro and by F or G proteinspecific ELISA (Coates et al., 1966; Johnson et al., 1987 a) , by cross-protection studies in which animals were immunized with recombinant vaccinia viruses expressing the F or G protein (Johnson et al., 1987a ; Stott et al., 1987) or with purified F or G protein (Walsh et al., 1987) and by cDNA cloning and sequencing of the F and G mRNAs of the subgroup B strain 18537 for comparison with the previously published sequences for the subgroup A strain A2 (Johnson et al., 1987b; Johnson & Collins, 1988a, b) . These results established that the F proteins of the two subgroups were highly related antigenically (two-fold difference in antigenic reactivity) and structurally (91 ~o amino acid sequence identity exclusive of the predicted signal peptide), whereas the G proteins were relatively distinct (20-to 40-fold difference in antigenic reactivity and 53 ~ amino acid identity).
The unexpectedly large amount of cross-subgroup diversity in the G protein prompted further analysis and comparison of nucleotide and amino acid sequences for the two prototype RSV subgroup strains A2 and 18537. Recently, we described the additional finding that the intergenic and flanking gene regions of RSV vRNA are poorly conserved between subgroups, compared with the relatively greater conservation of nucleotide sequences that encode protein and the nearly exact conservation of the short gene-start and gene-end sequences that are located at the gene termini and are thought to be polymerase recognition signals (Johnson & Collins, 1988b ). In the work described in the present paper, a 2330 nucleotide sequence was determined for intracellular mRNAs representing the 1B, IC and N genes of strain 18537, and these sequences were compared with their counterparts for the A2 strain. Also, the nucleotide and amino acid sequences of the N gene and protein of the Long strain of subgroup A were determined.
As described previously (Johnson et al., 1987b) , cDNA libraries were constructed using as template mRNA isolated from HEp-2 cells that had been infected with RSV strain 18537 or Long. cDNA clones were identified presumptively as viral by differential hybridization with radiolabeUed cDNA synthesized by reverse transcription of mRNAs from uninfected cells or from cells infected with the 18537 or Long strain. Virus-specific cDNAs of strain 18537 1B, 1C and N genes and the N gene of the Long strain were identified by the homology of their nucleotide and predicted amino acid sequences with those described for the A2 strain . The identities of these cDNAs were also confirmed by hybridization with radiolabelled cDNAs of the 1B, 1C and N genes of strain A2. Dideoxynucleotide sequencing of denatured plasmid DNA using synthetic oligonucleotide primers was performed as described previously (Johnson et al., 1987b; Zagursky et al., 1985) .
The sequences for the N gene and protein of the Long strain were determined from a cDNA clone, LD35, that initiated at nucleotide 11 of the mRNA sequence and otherwise contained the complete sequence including polyadenylate. The A2 and Long strains both represent antigenic subgroup A, and the nucleotide sequences of the two N genes contained only 15 nucleotide differences (Table 1) . Fourteen of the 15 changes were in the third codon position, and none of the changes resulted in a change in the encoded protein. Thus, the N proteins of the two subgroups are predicted to be identical, at least for the isolates from which the sequences were determined. Previously, Anderson et al. (1985) showed that an N-specific monoclonal antibody (designated 132-7B) bound in an immunofluorescence assay to cells infected with the A2 strain but not to cells infected with the Long strain. However, in an ELISA, the same antibody bound to cells infected with either strain . Taken together with the sequencing data described here, this latter result suggests that the difference in reactivity observed in the 
*Number of nucleotides ~omthe 5' end in the complete strain . Table 2 ); entries here are only for those positions where the Long strain differed from A2. At these 15 positions, none of the nucleotide differences in any strain resulted in a change in amino acid coding assignment. For these 15 positions, strains A2 and 18537 were identical at five nucleotides, Long and 18537 were identical at nine, and 18537 was unique at one.
immunofluorescence assay should not be interpreted as evidence of antigenic difference, although it also is possible that the Long isolate used in that study contained one or more amino acid differences from the one sequenced here due to intrastrain sequence variability or that a difference in another protein affected the binding of the antibody to N protein in that particular assay.
The strain 18537 sequences were determined from the previously described (Johnson & Collins, 1988b) 1C-1B dicistronic cDNAs C9 and G15, the 1C-1B-N tricistronic cDNA B53, and the N P discistronic cDNAs R4 and F5. Additional cDNAs sequenced for this work were as follows. D35 and C85 initiated at nucleotides 10 and 12, respectively, of the 1C sequence and otherwise contained the complete sequence including polyadenylate; AA75 initiated at nucleotide 30 of the I B sequence and otherwise contained the complete sequence including polyadenylate; 7N30 initiated at nucleotide 31 of the N sequence and otherwise contained the complete sequence including polyadenylate. In situations where different cDNAs overlapped the same gene region, no sequence differences were observed. The gene and encoded protein sequences of 18537 1C, 1B, N and the upstream region of P are shown in Fig. 1 and aligned with the previously reported A2 sequences.
The IB, 1C and N genes of strain 18537 were each identical in length to their strain A2 counterpart and shared 78, 78 and 86~ nucleotide sequence identity, respectively, with the corresponding strain A2 gene (Fig. 1 , Table 2 ). Consistent with previous findings, the sequences of the translational open reading frames were more highly conserved (82, 83 and 86~ for 1B, 1C and N) than were flanking gene sequences that did not encode protein and were not part of the gene-start or gene-end sequences (apart from the transcriptive signals, the non-coding gene sequences had 50 to 71 ~ identity between subgroups for 1B and 1C). The six nucleotide 5' noncoding region of the N gene immediately following the gene-start sequence was exactly conserved between the subgroups, but the significance of this is unclear because the sequence is short and is not found in the 5' non-coding regions of other RSV genes. The 31 non-coding nucleotides immediately following the gene-start sequence of the IC gene were also relatively highly conserved (84~ identity). It will be of interest to sequence the 3' end of vRNA, which is lC Start
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to 77, 87~ identity) (Fig. 1) . In particular, in the alignment of the 1B proteins (Fig. 1) , the Nterminal 11 amino acids contained a single gap in both the A2 and the 18537 sequences (whereas the 1C and N alignments had no gaps), suggesting that this region of 1B could tolerate some variability in segment length and sequence. The situation for the 1C protein in general was the reverse, with the N-terminal two-fifths (residues 1 to 56) of the molecule being relatively more highly conserved (96~o identity) and the C-terminal three-fifths (residues 57 to 139) being somewhat less well conserved (81 ~ identity). Previous sequence analysis of the 1B and 1C genes of strain A2 showed that an 18 nucleotide sequence spanning the end of the open reading frame (this 18 nucleotide sequence consisted of the last four codons, the stop codon and the following three nucleotides) was neady exactly conserved (one nucleotide difference out of 18) between the two different genes, and showed that the C-terminal four amino acids of the two predicted proteins were identical . Interestingly, antibodies raised against a synthetic peptide containing the C-terminal 12 amino acids of the 1 B protein reacted with both the 1C and 1B proteins in immunoprecipitation assays (unpublished results). This suggested that the common four amino acids were part of an antigenic site in each protein and were oriented externally within the folded proteins. However, as shown in Fig. 1 , the 1C protein of strain 18537 contained a single amino acid substitution (Pro 139 to Ser 139 in 18537) within this region, suggesting that the duplication of this sequence in the two A2 proteins might be fortuitous rather than indicative of a common functional or structural site. Also, the C terminus of the 1C protein was one of the most divergent regions of the molecule, which also suggested that the C-terminal end was not part of a conserved functional or structural domain.
As shown in Table 3 , the high degree of amino acid sequence identity between subgroups for the 1B, 1C and N proteins was similar to that described previously for the F1 + F2 protein (Johnson & Collins, 1988a) and for the cytoplasmic and transmembrane domains of the G protein (Johnson et al., 1987b) , and contrasted with the extensive divergence described previously for the F protein signal sequence and the G protein ectodomain. Thus, different polypeptide domains exhibited differences in the extent of cross-subgroup sequence identity, ~" The exact cleavage site of the F signal ~as not been determined but is assumed here to follow amino acid 23 of the unmodified F sequence.
:~ The G ectodomain has not been mapped directly but is predicted to begin after amino acid 63. The 18537 sequence is six amino acids shorter than that of A2, and in the aligned sequences the C-terminal seven amino acids of A2 have no 18537 counterparts and are not included in these calculations.
§ Amino acids 1 to 63 of the complete G sequence.
and the boundaries between conserved and non-conserved regions were sometimes sharply delineated. One interpretation was that the selective pressures influencing sequence divergence and conservation were acting primarily at the protein level and were not uniform. To explore this, we examined the open reading frames of the IB, 1C, N, F and G proteins, tabulated the codons within each that contained single nucleotide changes, and quantified the frequency at which the change was silent at the amino acid level. For simplicity, codons containing more than one change were not considered. The rationale was that a protein or polypeptide domain whose structural or functional properties were relatively intolerant of amino acid substitution would contain a higher frequency of silent single nucleotide changes whereas a polypeptide domain that was relatively tolerant of substitution would have a higher frequency of changes in amino acid coding assignments. As shown in Table 4 , this analysis identified three groups: (i) the sequences encoding 1B, N and F1 + F2, for which 87 to 100~ of the nucleotide changes were silent at the amino acid level supporting the interpretation that the encoded proteins were relatively intolerant of amino acid substitutions, (ii) the sequences encoding the 1C protein and G cytoplasmic and transmembrane domains which had 75 to 78~ silent changes and (iii) the F signal sequence and G ectodomaincoding sequences which exhibited 33 to 48 ~ silent changes, consistent with the interpretation that the encoded polypeptide domains were relatively more tolerant of amino acid substitutions. In the case of the G ectodomain, .the comparison included both intra-(Long and A2) and inter-(18537 and A2) subgroup alignments, and the frequencies of silent nucleotide changes were approximately the same (48 ~o and 42~o, respectively) even though the sequences within the A subgroup were much more highly related than those of subgroup A and B strains. Also, the N gene exhibited a high percentage of silent nucleotide differences both between (90 ~) and within (100~) subgroups. These results are consistent with the interpretation that the individual genes, proteins and polypeptide domains have different intrinsic rates of sequence substitution, and that the ability of the encoded polypeptide to tolerate substitutions is an important factor.
To place the level of sequence divergence between the RSV antigenic subgroups in perspective, we note that the percentage amino acid identities between individual proteins of a human and bovine strain of parainfluenza virus type 3 (PIV-3) were 86~ (NP), 62~ (P), 76~ (C), 80~ (F) and 77~ (HN) Suzu et al., 1987) . The amino acid sequence identity between the HN proteins of seven independent isolates of human PIV-3 was > 96~o (Coelingh et al., 1988) . Thus, unlike human PIV-3, human RSV exhibits a substantial amount of Table 4 . Differences among individual proteins (IB, 1C, N, F and G) sequence diversity. For the RSV 1B, 1C, N and F proteins, the divergence was much greater than that observed among the human PIV-3 HN proteins but was less than that observed between the bovine and human PIV-3 isolates.
We previously suggested (Johnson et al., 1987b; Johnson & Collins, 1988a, b) that the two RSV subgroups represent an early stage in divergent evolution. Continued divergent evolution might eventually result, for example, in two or more distinct human RSV types analogous to the different types of human parainfluenza viruses. However, an alternative possibility is that the two subgroups arose during a past episode of divergent evolution and represent relatively stable endpoints. We cannot distinguish between these possibilities at the present time. But we note that the high frequency of amino acid substitution per nucleotide substitution in the G protein and gene, which was characteristic of the inter-subgroup comparison, was also characteristic of the comparison within subgroup A of the Long and A2 strains (Table 4) . The Long and A2 strains are nearly identical, having few amino acid and nucleotide sequence differences (Table  1; Johnson et al., 1987a; Lopez et al., 1988) . In particular, the low frequency of nucleotide differences in the non-coding gene regions, which are generally thought to be tolerant of nucleotide substitutions, suggests that these viruses have undergone little divergence and probably share a common ancestor that is very recent compared to the ancestor that gave rise to the two subgroups. Thus, the unusual capacity of the G protein to tolerate amino acid substitutions in the ectodomain probably is a continuing characteristic of current strains rather than a characteristic that existed only during a past episode of divergent evolution. However, although this suggests that current strains have the capacity for relatively extensive amino acid substitution in G, it is not known whether the extent of divergence between the A and B subgroups is an intermediate stage or represents the limit of divergence possible for the G protein of human strains.
Finally, these results show that the N gene is the most highly conserved of the five genes compared to date. The high level of nucleotide sequence identity between subgroups indicates that N would be the gene of choice for use as a hybridization probe for detecting RSV RNAs.
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